Introduction
Polyomavirus BK was first reported to be a human pathogen in 1971 when a renal transplant patient, with the initials BK, presented with ureteric stenosis. 1 Microbiologic and pathologic work-up identified the BK virus in ureteral epithelial cells. Subsequent reports of BK involvement in clinical disease were few until the 1980s, during the advent of more potent immunosuppressive medications, such as cyclosporine and antithymocyte globulin. In the mid-1980s, the association of BK virus infection with hemorrhagic cystitis was demonstrated in the bone marrow transplant population. [2] [3] [4] In the 1990s, in the era of mycophenolate mofetil use, the BK virus became an emerging pathogen in the field of renal transplantation because of its ability to cause infection of the allograft (BK virus nephropathy) and result in allograft loss. 5, 6 In this review, we focus on hemorrhagic cystitis, the primary manifestation of BK virus infection in the blood and marrow transplant (BMT) recipient. We discuss the clinical manifestations, risk factors, current theories on the pathogenesis and management of hemorrhagic cystitis in the BMT population. In addition, we discuss other potential manifestations of BK virus infection in this patient population that are emerging as the general immunocompromised population grows in the setting of new immunosuppressive agents.
Virology and epidemiology
Polyomavirus hominis 1, the BK virus, is a non-enveloped, encapsulated DNA virus that belongs to the Papovaviridae family. The JC virus and simian virus 40 (SV40) are also members of this family whose genomes share approximately 70% homology with the BK virus. 7 JC virus is a neurotropic virus that is strongly associated with progressive multifocal leukoencephalopathy that occurs in patients with human immunodeficiency virus infection, with hematologic malignancies or in those who are receiving immunosuppressive therapy to prevent allograft rejection or to treat chronic inflammatory or autoimmune diseases. 8 More recently, progressive multifocal leukoencephalopathy has been diagnosed in patients treated with monoclonal antibodies against a4 integrins 9 and in patients receiving rituximab for systemic lupus erythematosis.
10 SV40 infects Asian macaques; however, reports of human infection have appeared. 11, 12 BK virus infection occurs during the early-childhood years and is asymptomatic or associated with fever and mild upper respiratory symptoms. 13 Up to 90% of adults are seropositive. 7 Transmission is believed to occur via the respiratory route but this has not been formally proven.
After primary infection, BK virus enters a latent state and resides in uroepithelial cells and possibly lymphocytes. 14 Whether lymphocytes are a site of true latency versus targets of recent or reactivated infection has not been conclusively determined. Other reservoirs of latent infection are possible but are currently not known. The virus remains quiescent unless a natural or iatrogenic state of immunosuppression is imposed. For example, shedding of BK virus in the urine (BK viruria) has been detected in pregnant women and in the elderly. 15, 16 The shedding of virus is also frequently detected in the HIV/AIDS population. 17 The greatest incidence of shedding occurs in patients who are therapeutically immunosuppressed in the setting of organ or BMT.
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BK virus infection and genitourinary tract disease
Overall, BK viruria occurs in about 50% of patients after BMT, usually within 2 months of transplantation. 2, 3, 7 The incidence of BK viruria is similar in allogeneic (range 46-53%) and autologous (range 39-54%) marrow recipients. 19, 20 Because of BK virus tropism for the genitourinary epithelium, genitourinary tract disease is the most common manifestation of BK infection in transplant recipients. BK viruria has been associated with a variety of clinical manifestations in BMT recipients, including asymptomatic hematuria, hemorrhagic cystitis, ureteral stenosis and interstitial nephritis. 7, 14 Hemorrhagic cystitis is the most prevalent of these complications, occurs in 10-25% of BMT recipients and is associated with significant morbidity and mortality. 2, 7, 19 Both non-infectious and infectious hemorrhagic cystitis occurs in BMT recipients (Table 1) . Non-infectious cystitis results from the direct cytotoxic effects of antineoplastic treatment, most commonly the alkylating agents cyclophosphamide and ifosfamide. 21 Toxicity to the bladder epithelium following treatment with cyclophosphamide or ifosfamide is caused by a renally excreted metabolite of these agents, acrolein. 22 Acrolein-induced hemorrhagic cystitis occurs in the early post transplant setting, usually within 72 h of receiving the preparative regimen. BK virusinduced hemorrhagic cystitis occurs later after transplant, usually in the post-engraftment period. Now with effective uroprophylaxis (forced diuresis or MESNA) of acrolein toxicity, virtually all hemorrhagic cystitis after BMT is related to BK virus. 19 Patients with hemorrhagic cystitis experience urgency, frequency of urination and dysuria due to inflammation of the bladder mucosa. Suprapubic pain and bladder spasms may be present. Patients experience variable degrees of hematuria, hence a grading system was developed to assess the severity of hemorrhagic cystitis. Droller et al. 23 proposed the following grades: grade 1, microscopic hematuria; grade 2, macroscopic hematuria; grade 3, macroscopic hematuria with small clots; and grade 4, gross hematuria with clots causing urinary tract obstruction requiring instrumentation for clot removal. Although rarely life-threatening, hemorrhagic cystitis can be a major cause of morbidity including severe pain, uncontrollable bleeding, acute renal failure and prolonged hospitalization.
Association of BK virus infection with hemorrhagic cystitis
Initial studies identified a qualitative association between BK virus and late hemorrhagic cystitis. 2, 4, 19 Hemorrhagic cystitis was noted to occur four times more frequently in patients who excreted BK virus than in those who did not. 2 In addition, BK viruria was noted to precede or coincide with the onset of disease.
2 However, about 40-50% of BMT patients with persistent viruria remained free of hemorrhagic cystitis, indicating that other factors contributed to the development of hemorrhagic cystitis. 19, 24 To strengthen the association of BK virus with hemorrhagic cystitis, subsequent studies demonstrated a quantitative association between hemorrhagic cystitis and BK viruria, revealing that patients with hemorrhagic cystitis tend to have higher peak urine viral loads and excrete much larger amounts of BK virus in the urine. 20, [24] [25] [26] BK viremia has been shown to be a sensitive and specific indicator of BK virus nephropathy in renal transplant recipients. 27 Similarly, a recent study by Erard et al. 28 revealed in a multivariate model that BK viremia was strongly associated with the risk of developing hemorrhagic cystitis. Patients with a plasma viral load greater than 10 4 copies/ml had a significantly higher risk of having hemorrhagic cystitis than patients with a viral load less than 10 4 copies/ ml. However, this observation has not been made in other studies 24, 25 The association between BK and hemorrhagic cystitis has been further refined by seroepidemiologic studies that revealed that patients who develop a higher peak urine viral load, and hence are at increased risk of developing hemorrhagic cystitis, were more likely to have higher anti-BK virus antibody titers pre-BMT. 25 The pathogenesis of BK virus-associated hemorrhagic cystitis
Given that many patients have BK viruria and all do not develop hemorrhagic cystitis, what factors are required for post-engraftment hemorrhagic cystitis to occur? BK virusassociated hemorrhagic cystitis likely arises from complementing determinants in the host, the target organ and in the virus in the setting of immunosuppression. 7 Evidence of prior infection in the host, presence of anti-BKV IgG prior to transplant, has been associated with BK viruria, which occurs secondary to reactivation of virus from a latent state. 3, 25 Acute GVHD, the particular conditioning regimen, specific BK subtypes and the magnitude of the BK urine viral load have been identified as additional risk factors for BK virus-associated hemorrhagic cystitis 25, 26, 29 ( Table 2) . The alloimmune reaction, characteristic of GVHD, or its treatment is suspected to play a significant role in the pathogenesis of BK virus-associated hemorrhagic cystitis, as severe post-engraftment hemorrhagic cystitis is rare in recipients of autologous transplant recipients who receive a similar myeloablative conditioning regimen as their allogeneic counterparts. 29 Hence, most cases of post-engraftment hemorrhagic cystitis occur in allogeneic hematopoietic stem cell transplants with GVHD. [29] [30] [31] Bedi et al. 19 and Binet et al. 32 suggested an immune reconstitution pattern of disease, whereby the disease manifestations are most severe when the immune system is reconstituting and viral antigens in the bladder wall are recognized by emerging, functioning lymphocytes. 33 Immune reconstitution disease has been described with JC virus (JCV) and progressive multifocal leukoencephalopathy in AIDS patients receiving highly active antiretroviral therapy (HAART). 34, 35 Three phases of pathogenesis have been proposed by Leung et al. 36 (Table 3) . First, chemotherapeutic agents and/ or radiation used in the conditioning regimen damage the uroepithelium and provide a suitable environment for BK virus replication. Unchecked BK virus replication, in the absence of functional immunity, leads to cytopathic effects. In the post-engraftment period, return or development of anti-BK virus immunity causes extensive mucosal damage and hemorrhage. This proposed model of pathogenesis for BK virus-associated hemorrhagic cystitis has yet to be proven in an animal model. Moreover, some have questioned the role of the immune system in disease pathogenesis, as late, post-engraftment hemorrhagic cystitis has occurred in patients with very low lymphocyte counts (o100 cells/ml) and in patients receiving high-dose steroids. 28 The diagnosis of BK virus-associated hemorrhagic cystitis
The diagnosis of hemorrhagic cystitis is considered when hematuria is detected on urinalysis or grossly in the early post-transplant or post-engraftment period. Other clinical features include dysuria, frequency, urgency, suprapubic pain and possible complications of urinary tract obstruction and/or renal failure if bleeding and clot formation is severe. As discussed, early onset hemorrhagic cystitis is usually attributed to the toxic effects of chemoirradiation (Table 1) . Late-onset hemorrhagic cystitis, occurring postengraftment, is linked to BK virus reactivation and presence of the virus is sought. Viral culture is not used for detection of BK virus replication because growth of the virus in tissue culture can take weeks. Cytologic examination of urine can detect characteristic polyomavirusinfected cells, decoy cells, with enlarged nuclei containing a single large basophilic intranuclear inclusion 37 ( Figure 1 ). The limitations of cytology include that these decoy cells can be confused with malignant cells and that infection caused by JC virus or adenovirus can result in similar cytopathology. Therefore, the modality of choice for detecting BK virus in the urine is the PCR for detection of viral DNA. However, detection of BK virus DNA by PCR does not have high disease specificity because BMT patients without hemorrhagic cystitis can excrete BK virus. 2, 19, 24 Other features of reactivated viral replication can be utilized to link BK virus replication to the cause of hemorrhagic cystitis: detection of viruria prior to the onset of hematuria, high, peaking urine viral loads (10 9 -10 10 copies/ml or greater or X3 log increase from baseline) and the presence of plasma viremia 410 4 copies/ml.
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Biopsy of bladder epithelium has occasionally been performed and BK DNA has been detected by in situ hybridization in the uroepithelium. 28 Patients with postengraftment hemorrhagic cystitis should have a BK virus DNA load in urine determined at the onset of cystitis and weekly thereafter. If significant hematuria continues for 2 Table 2 Potential risk factors for BK virus-associated hemorrhagic cystitis Presence of pretransplant BK virus IgG antibody titer Type of conditioning regimen (full intensity vs reduced intensity) Allogeneic transplant Type of donor (unrelated vs related) Acute GVHD High peak BK urine viral load or greater than 3 log increase in viral load Table 3 Proposed steps in the pathogenesis of BK virus-associated hemorrhagic cystitis
Conditioning regimen damages the uroepithelium and provides a milieu for BK virus replication Immunosuppressed state promotes reactivation of latent virus Unchecked virus replication proceeds in the absence of functional immunity Return or development of anti-BK virus immunity causes further mucosal damage and hemorrhage (immune reconstitution) weeks, accompanied by a significant increase in viral load, treatment with cidofovir can be considered. If BK virus is not detected in the urine via cytology or the PCR, PCR amplification for adenovirus or CMV DNA sequences should be performed as these viruses have been reported to play an etiologic role, albeit at much lower frequency, in hemorrhagic cystitis.
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Treatment of hemorrhagic cystitis
The therapeutic approach to hemorrhagic cystitis will vary and depends on the severity and dynamics of the given episode. In general, treatment is supportive and accompanied by interventions that are designed to control bleeding. The current standard of care for hemorrhagic cystitis related to chemotherapy or BK virus infection is symptomatic and includes analgesia, hyperhydration, forced diuresis and continuous bladder irrigation to prevent clot formation and renal obstruction. Maintenance of platelets above 50 000 and a hematocrit of 25 in patients with Xgrade 2 hematuria can alleviate the severity and consequences of hematuria. Mild cases of BK virusassociated hemorrhagic cystitis usually resolve spontaneously over a 2-week period with supportive care. With significant bleeding, severe urinary tract obstruction may occur because of clot formation. In this situation, cystoscopy for clot evacuation and possible cauterization must be performed to preserve renal function. When conservative measures fail and/or when bleeding is intractable and life-threatening, surgical intervention, cystectomy, must be considered. 41 Instillation of topical agents, such as alum, formalin and prostaglandin E1, into the bladder is used by some clinicians; however, the efficacy of these approaches remains controversial due to the absence of controlled studies and the possibility of long-term morbidity. 42 To date, no antiviral drug with proven efficacy against BK virus replication has been licensed. However, due to the strong clinical demand for treatments for BK virusassociated nephropathy in renal transplant recipients and for hemorrhagic cystitis in BMT patients, several drugs that have not been studied in depth in vitro have been tested in small clinical series (Table 4) . One such drug is cidofovir, which is an acyclic nucleoside analog with antipolyomavirus activity that has been demonstrated in in vitro studies to have activity against BK virus. 43 Cidofovir is licensed for the treatment of CMV retinitis in AIDS patients and is a second-line drug for the treatment of ganciclovir-resistant CMV infections. 44, 45 Cidofovir inhibits CMV replication by inhibiting the viral DNA polymerase. The mechanism by which cidofovir inhibits BK virus replication is not clear. The BK virus genome does not encode a DNA polymerase. Investigators speculate that cidofovir may inhibit a functional domain of the BKV large T antigen that possesses DNA polymerase activity. 46, 47 Or, given that this drug is a nucleoside analog, the antiviral effect may be the result of inhibition of viral DNA synthesis. 47 Recent systematic in vitro studies of the effect of cidofovir on BK virus replication using real-time PCR revealed only a modest effect of cidofovir on BK virus replication. 48 Cidofovir has been used to treat BK virus nephropathy in renal transplant recipients with some success; however, the studies were not randomized and controlled. 49, 50 Cidofovir has been used to treat hemorrhagic cystitis is BMT patients. 51, 52 Held et al. treated hemorrhagic cystitis in an allogeneic hematopoietic stem cell transplant recipient with BKV-associated hemorrhagic cystitis and concomitant CMV reactivation. Cidofovir treatment resulted in a sustained suppression of CMV replication and a significant reduction of BK viruria accompanied by clinical improvement. Savona et al. 52 treated 19 hematopoietic stem cell transplant recipients with weekly low-dose cidofovir. 52 A 57, 58 and refractory CMV in BMT 59, 60 Interference with tyrosine kinase phosphorylation of cellular or virally encoded proteins needed for viral replication; modest antiviral effect in vitro 48 Rash, alopecia, diarrhea, hepatotoxicity, pancytopenia, agranulocytosis, thrombocytopenia Abbreviation: BMT ¼ blood and marrow transplant.
clinical response was detected in 84% of patients; however, a virologic response, a decreased viral load in the urine, was detected in only 47%. All patients with a virologic response had a clinical response. Other investigators have reported successful treatment of hemorrhagic cystitis with systemic or intravesicular cidofovir, noting elimination or a decrease in the urine viral load. 42, 53 Leflunomide belongs to the class of drugs called malononitrilamides and is an immunosuppressive agent that is licensed for the treatment of rheumatoid arthritis. 54 Leflunomide exhibits its immunosuppressive activity by inhibiting protein kinase activity and pyrimidine synthesis. 55 In addition, leflunomide has antiviral activity in vitro against CMV, herpes simplex virus and BK virus. 48, 56 Leflunomide has been used to treat renal transplant patients with biopsy-proven BK nephropathy. 57, 58 Patients who maintained a minimal blood concentration of active drug either cleared or had a significant reduction in BK viral load in blood and urine and experienced stabilized or improved serum creatinine levels. The incidence of graft loss was low, 15% (usually 35-65%), likely due to the immunosuppressive activity of leflunomide. 58 Leflunomide has been used in allogeneic BMT recipients for the treatment of resistant/refractory cytomegalovirus infections with variable success. 59, 60 Reports of treatment of BK associated-hemorrhagic cystitis with leflunomide have not appeared in the literature to date. However, given this agent's antiviral activity against BK virus, leflunomide should be considered as a potential agent to treat BK-virus associated hemorrhagic cystitis.
Almost two decades ago, studies demonstrated that fluoroquinolone antibiotics, nalidixic acid and oxolinic acid, can inhibit BK virus replication in vitro. 61, 62 Quinolone antibiotics inhibit bacterial replication by inhibiting the activity of type II topoisomerases, including gyrase and topoisomerase IV. Investigators speculate that these DNA gyrase inhibitors may inhibit BK virus replication by inhibiting the helicase activity of the polyomavirus large T antigen that has a function similar to the DNA gyrase. Recently, investigators demonstrated that clinically relevant fluoroquinolones, such as levofloxacin, trovofloxacin, ciprofloxacin, ofloxacin and gatifloxacin, inhibit BK or SV40 viral replication and block the cytopathic effect of SV40 in monkey cells. 63, 64 In addition, the investigators demonstrated that fluoroquinolones appear to work by blocking the helicase activity of purified SV40 T antigen. 64 Two recent clinical studies demonstrated the potential utility of treating BK virus infection in BMT patients with fluoroquinolones. A study in allogeneic hematopoietic stem cell transplant recipients revealed that patients treated with prophylactic ciprofloxacin had a significantly decreased peak urine BK viral load and a decreased incidence of hemorrhagic cystitis compared to patients treated with cephalosporins. 65 A study performed in renal transplant patients with gatifloxacin (pulled from the market in 2006) revealed that 7/10 patients with active BK virus replication in the urine or plasma had a 480% reduction in viremia or a disappearance of decoys cells in the urine. 66 Randhawa et al. 63 have demonstrated that the antiviral activity of the fluoroquinolone antibiotics was modest and exhibited a low selectivity index (ratio of drug concentration that results in 50% reduction of host cell replication to the drug concentration that results in 50% reduction in viral replication). Therefore, fluoroquinolone antibiotics may be more effective as prophylactic agents against BK virusassociated hemorrhagic cystitis rather than therapeutic agents.
Controlled clinical trials of cidofovir, leflunomide and fluoroquinolones for the treatment of BK virus-associated hemorrhagic cystitis are needed to determine their true safety and efficacy in this patient population. However, if hematuria is recalcitrant, not responding to supportive measures, and instillation of topical agents is deemed to be associated with potential serious complications, consider administration of intravenous cidofovir, especially to those patients with a significant increase in urinary BK viral load (X3 log) 24, 20, 25, 26 or with plasma viremia (viral load 410 4 copies/ml).
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Non-genitourinary tract manifestations of BK virus infection in blood and marrow recipients BK virus associated tubulointerstitial nephritis or nephropathy is an infection primarily encountered in the allograft of renal transplant patients. 27 However, in recent years, several cases of BK nephritis in the native kidneys of BMT recipients, not always accompanied by hemorrhagic cystitis, have been reported. [67] [68] [69] [70] A report of bilateral ureteral obstruction possibly related to ureteritis caused by BK virus infection in a BMT recipient has also been reported. 71 In recent years, clinical manifestations of BK virus infection in organ systems outside of the genitourinary tract have been reported 14 (Table 5 ). Some investigators speculate that this may be secondary to the effects of more potent immunosuppressive agents combined with a larger immunosuppressed patient population. Whereas JC virus is the polyomavirus usually associated with central nervous system infection, in recent years, meningitis and meningoencephalitis caused by BK virus have been reported in patients with hematologic malignancies or AIDS. [72] [73] [74] [75] [76] [77] A case of bilateral atypical retinitis occurred in a patient with AIDS. 78 Interestingly, investigators have identified rearranged regulatory regions of BK virus isolated from the central nervous system, implying that these genetic changes may play a role in neurovirulence. 72, 75 Similar rearranged 79 BK virus infection of the lungs has been reported. A fatal case of BK viral pneumonia occurred in an infant who received an unrelated umbilical cord transplant. 80 The pneumonia followed the diagnosis of hemorrhagic cystitis. Fatal pneumonia caused by BK virus was diagnosed in a patient with CLL. 81 The diagnosis in these cases was made by cell culture and/or immunohistochemistry and PCR using lung tissue. In both cases, an extensive pattern of diffuse alveolar damage was a prominent histologic finding. A case of disseminated infection associated with pneumonia, nephritis and meningoencephalitis in a patient with the AIDS and a case of fatal vasculopathy caused by a necrotizing endothelial infection in a renal transplant recipient have been reported. 74, 82 Our group has detected BK virus at autopsy in the lungs, liver and gut of BMT patients dying of undefined multi-organ failure (unpublished).
Future directions
BK virus has emerged as an important pathogen in the solid organ transplant and BMT populations. As these populations grow and new immunosuppressive therapies are developed, the incidence and diversity of presentations of this virus, once thought to be confined to the uroepithelium, are expected to increase. Hence, randomized-controlled multicenter studies that determine the true efficacy of the currently available candidate anti-BK virus therapies are needed. The fluoroquinolone antibiotics should be evaluated as a prophylactic therapy and cidofovir and leflunomide as therapeutic agents. Development of new agents with antiviral activity targeted to specific steps in the BK virus replication cycle should be encouraged.
